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a b s t r a c t 
Deuterium retention was for the ﬁrst time measured in tungsten samples simultaneously irradiated by W 
ions and exposed to D atoms at ﬁve different temperatures from 450 K to 10 0 0 K. In order to obtain in- 
formation on the defect concentration, samples were afterwards exposed to D atoms at 600 K to populate 
the created defects. The results were compared to different sequential damaging/exposure experiments. 
Synergistic effects were observed, namely, higher D concentrations were found in the case of simulta- 
neous damaging and D-atom loading as compared to sequential damaging at elevated temperatures and 
populating the defects afterwards. However, the deuterium retention is still lower as compared to se- 
quential damaging at room temperature and post-damaging annealing. The observations are explained by 
stabilization of defects by the presence of solute hydrogen in the bulk that would annihilate at high tem- 
peratures without the presence of hydrogen. Results of simultaneous W-ion damaging and D exposure at 
elevated temperatures were also compared to a sequential experiment of W-ion damaging at room tem- 
perature and then D-atom loading at high temperatures showing that thermal D de-trapping dominates 
deuterium retention at high temperatures. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Tungsten or advanced tungsten alloys are considered to be the
ost suitable material for plasma-facing components in future fu-
ion reactors such as DEMO. In these nuclear devices tritium re-
ention in neutron-damaged tungsten will become a more signiﬁ-
ant issue. Namely, the predicted neutron damage for DEMO pro-
uced by neutrons from the fusion D-T reaction is more than one
rder of magnitude higher than in ITER, 2–6 dpa/fpy [1] . In order
o study the inﬂuence of material displacement damage on fuel re-
ention, high energy ions are used [2] . It was shown that fuel re-
ention both in neutron-damaged [3] and in W-ion-damaged tung-
ten (so-called self-damaged W) is strongly increased as compared
o undamaged tungsten (e.g. [4] ). Until now all retention studies
ere performed by sequential high energy ion damaging and sub-
equent plasma/gas/atom loading of the material by hydrogen iso-∗ Corresponding author. 
E-mail address: sabina.markelj@ijs.si (S. Markelj). 
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Please cite this article as: S. Markelj et al., Deuterium retention in tung
by D atoms, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1opes. However, in a real fusion reactor environment both implan-
ation of energetic hydrogen ions and neutrals as well as damage
reation by neutron irradiation will take place at the same time.
he consequences of synergistic effects for retention are unknown.
t is well known that in some metals impurities such as hydrogen,
hange the behaviour of defect creation and recovery, e.g. inﬂuence
acancy migration during the recovery stage [5] . Moreover, theory
redicts defect stabilization in the presence of hydrogen atoms in
ungsten [6,7] . 
In this paper we present the ﬁrst experimental results on
imultaneous defect creation by high energy self-ion implanta-
ion and D-atom-beam loading in tungsten. In order to sort out
he observed effects comparison to a series of sequential dam-
ging/annealing/exposure experiments is made. Namely, three se-
uential experimental series were performed in addition with dif-
erent damaging/exposure procedures, that help to separate the
rocesses: i) W-ion damaging at elevated temperatures + D-atom
xposure at 600 K to determine the trap concentration; ii) W-ion
amaging at room temperature + samples post-damaging anneal-
ng at different temperatures for one hour + D-atom loading atnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
sten simultaneously damaged by high energy W ions and loaded 
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Fig. 1. Schematic ﬁgure of the INSIBA experimental set-up for simultaneous W-ion 
irradiation and D -atom exposure, together with the detector for Nuclear Reaction 
Analysis (NRA detector) and Rutherford Backscattering Spectroscopy (RBS detector). 
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Fig. 2. Deuterium concentration depth proﬁles obtained on samples damaged by 
10.8 MeV W 6 + ions at different temperatures indicated in the ﬁgure and afterward 
exposed to D atoms for 24 h at 600 K, atom ﬂuence 4.7 ×10 23 D/m 2 , for defect pop- 
ulation. The calculated damage depth proﬁle as obtained by SRIM is also shown in 
the ﬁgure by the red dashed line. (For interpretation of the references to colour in 
this ﬁgure legend, the reader is referred to the web version of this article.) 
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r  500 K to determine the trap concentration; and iii) W-ion dam-
aging at room temperature + D-atom exposure at elevated temper-
atures. We describe in detail the simultaneous W-ion damaging
and D-atom loading and W-ion damaging at elevated temperatures
whereas details of ii) and iii) were given in more detail in [8] and
[9,10] respectively. 
2. Experiment 
We have used polycrystalline 99.997 wt. % hot-rolled tungsten
samples (PW) manufactured by Plansee, 12 ×15 mm 2 in size and
0.8 mm thick. Grains are oriented parallel to the surface. Samples
were chemo-mechanically polished to a mirror-like ﬁnish at Max-
Planck-Institut für Plasmaphysik (IPP), Garching [11] . After polish-
ing, samples were heated for 2 min in vacuum at 20 0 0 K for re-
crystallization. This procedure enlarges the grain size to 10–50 μm
[11] . 
The samples were mounted in the INSIBA chamber at the 2 MV
Tandem accelerator at Jožef Stefan Institute. The set up shown in
Fig. 1 enables in situ Nuclear Reaction Analysis (NRA) measure-
ments before, during or after the D-atom loading (see details in
[12] ), and irradiation of the samples by a high energy ion beam
such as W 6 + ion beam with energy up to 10.8 MeV. An electro-
static quadrupole lens is positioned in the beam line (not shown
in Fig. 1 ), 4.5 m before the sample, in order to gather and focus the
ion beam on the sample. The ion beam is shaped by two apertures
that can be changed for each irradiation/analysis. They are posi-
tioned before the ion beam mesh charge collector [13] , mounted at
the entrance to the experimental vacuum chamber. The ion beam
mesh charge collector was specially redesigned for this experi-
ment, enabling us to retract it out of the ion beam or placing it
in the beam for current measurement. 
The sample is mounted by two Ta clamps on a holder with a
temperature-controlled heater, capable of heating the samples up
to 1200 K. Hydrogen atom beam source (HABS) for sample expo-
sure to D atoms is mounted on the vacuum chamber at an angle
of 51 ° with respect to the sample surface normal. It enables us to
expose samples to a beam of neutral D atoms with a ﬂux density
of 5.4 ×10 18 D/m 2 s at the NRA ion beam position. The ﬂux densityPlease cite this article as: S. Markelj et al., Deuterium retention in tung
by D atoms, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1as determined by eroding an a-C:H ﬁlm and measuring the crater
y ellipsometry [14,15] . The atom beam is created by thermal dis-
ociation of D 2 gas on a hot tungsten capillary that is heated to
170 K ±20 K for all cases. By assuming that the kinetic energy of
he atoms is determined by the capillary temperature the mean
nergy of neutral atoms (E = 3/2 kT) in the beam is 0.28 eV. The
euterium gas pressure in the gas supply side was controlled by
n all-metal leak valve and measured by an absolute capacitance
anometer, Baratron by MKS. The average driving pressure during
he atom exposures of tungsten samples was 26 ±1 Pa for D 2 . 
In the case of the experiment simultaneous W-ion irradiation
nd D-atom loading and damaging at elevated temperatures sam-
les were irradiated by W 6 + ions with an energy of 10.8 MeV.
he beam size was deﬁned by two 4 mm circular apertures. Be-
ore starting the irradiation the beam was checked for homogene-
ty by observing the glow (by ionoluminescence) on a quartz glass
nserted into the irradiating beam. The quartz can be placed in-
tead of the ﬁrst collimating aperture and a blue glow is observed
rom the side by a mirror when it is irradiated by the beam. The
on current was ﬁrst set to the proper value by measuring it on
he ion mesh charge collector with 77.4% geometrical transmis-
ion. The ion mesh charge collector was then retracted in order
ot to have a mesh-print on the sample. The stability of the cur-
ent was checked every 20–30 min. The ion current was stable
ithin 5–10% yielding an uncertainty for the total ion ﬂuence of
bout 5% for all irradiated samples. The corresponding W-ion ir-
adiation current on the sample was 1.2 nA and irradiation time
as 4 h yielding a W-ion ﬂuence of (1.4 ±0.07) ×10 18 W/m 2 on
he irradiated 4 mm diameter spot. The displacement damage pro-
le as calculated by SRIM is shown in Fig. 2 . With a ﬂuence of
.4 ×10 18 W/m 2 we create a damage dose of 0.47 dpa KP (Kinchin–
ease calculation, 90 eV displacement damage energy, evaluating
he “vacancy.txt” output) at the peak maximum yielding a dis-
lacement rate of 3.3 ×10 −5 dpa/s. 
For damaging with the W-ion beam a sputter ion source is used
nd in the case of NRA analysis with the 3 He beam a duoplasma-
ron source is used. Therefore the NRA analysis can only be per-
ormed about one hour after the W-ion irradiation since one has
o switch between these two ion sources for the tandem acceler-
tor when changing from self-implantation to 3 He analysis. NRA
nalysis is performed by detecting protons from D( 3 He,p) α nuclear
eaction using a 1500 μm thick partially depleted Passivated Planarsten simultaneously damaged by high energy W ions and loaded 
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Fig. 3. Deuterium concentration depth proﬁles in logarithmic y-scale obtained after 
4 h of simultaneous W-ion irradiation by 10.8 MeV ions (ﬂuence 1.4 ×10 18 W/m 2 ) 
and D -atom loading at the indicated temperatures (D atom ﬂuence 8 ×10 22 D/m 2 ). 
The calculated ﬁnal damage depth proﬁle as obtained by SRIM is also shown in the 
ﬁgure by the red dashed line. (For interpretation of the references to colour in this 
ﬁgure legend, the reader is referred to the web version of this article.) 
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p  ilicon (PIPS) detector. The NRA detector is mounted at 135 ° with
espect to the incoming beam with a solid angle of 26.7 msr. A
4 μm Al absorber was placed in front of it, to stop the backscat-
ered 3 He ions. The second PIPS detector with 300 μm thick deple-
ion region is placed at 165 ° with respect to the incoming beam for
etecting the backscattered projectile particles (RBS detector). The
 He beam was collimated by a circular aperture with diameter of
 mm. The diameter of the analyzing beam for NRA is smaller than
he diameter of the W irradiated area (diameter 4 mm), to be as-
ured that we analyse the damaged area only. In order to deter-
ine the D depth proﬁle [16] down to a depth of 7 μm, six dif-
erent 3 He ion beam energies were used. We used the same col-
ected charge for all six energies, corresponding to 14.9 μC ion dose
e + (9.3 ×10 13 He ions) for the four lower energies and 7.45 μC
e 2 + (4.65 ×10 13 He ions) for the two highest energies. The ion
eam data were evaluated by NRADC program, that deconvolutes
he measured proton spectra obtained at different 3 He energies
nd gives the most probable depth proﬁle [17] . All samples were
lso analysed by thermal desorption spectroscopy (TDS) after the
RA analysis that gives us information about the binding energies
f deuterium in the traps. The TDS spectra will be presented else-
here. 
The samples simultaneously damaged and exposed to D atoms
t 450 K, 600 K and 800 K were after the ﬁnal D -atom exposure
lso analysed at IPP, Garching. Lateral scans across the sample cen-
re in the vertical and horizontal direction were performed at 2.4
eV 3 He energy in order to measure the extent of the damaged
rea as well as its homogeneity. There was a difference in the pro-
on signal and hence in the total D amount by a factor of ∼20
omparing the undamaged region to the self-damaged spot. D re-
ention was homogeneous throughout the spot within 9%. The di-
meter of the area with increased proton signal due to W irradi-
tion was in good agreement with the collimating aperture diam-
ter. Moreover, NRA measurements with nine 3 He energies were
erformed in the centre of the irradiation spot and the obtained
epth proﬁles were in very good agreement with the ones mea-
ured after the loading at JSI in terms of shape as well as absolute
 concentration. 
. Results 
We will ﬁrst describe the experiment sequential W-ion dam-
ging at elevated temperatures. In that case the samples were ﬁrst
rradiated by W 6 + ions, 10.8 MeV ion energy, at four different tem-
eratures 30 0 K, 60 0 K, 80 0 K and 10 0 0 K with the same irradiation
ime of 4 h. Immediately after W irradiation was stopped the sam-
le was cooled down and then it was again ramped up to 600 K
nd exposed to D atoms. To check if the whole damaged zone was
lled with D, the D concentration depth proﬁles were also mea-
ured in-situ by NRA during this exposure. For the samples self-
amaged at 600 K and 800 K this was done at 18 h and 19.5 h re-
pectively. Exposure was stopped after 24 h which corresponds to
 D atom ﬂuence of 4.7 ×10 23 D/m 2 and another depth proﬁle was
easured. The sample self-damaged at 300 K was exposed further
p to a total exposure time of 42.5 h (ﬂuence of 8.26 ×10 23 D/m 2 )
nd the depth proﬁle was re-measured. No change in the shape or
n absolute D amount was observed between 24 h and 42 h expo-
ure, indicating that the deuterium atom ﬂuence of 4.7 ×10 23 D/m 2 
as enough to get to a steady state D concentration level in the
hole damaged zone for our conditions. The obtained ﬁnal deu-
erium depth proﬁles are shown in Fig. 2 together with the cal-
ulated damage proﬁle as obtained by SRIM. Ideally the D -atom
oading should be performed at lower temperature e.g. 450 K not
o anneal the created damage but this would mean much longer
xposure time > 5 days. Beside this, since we have a lot of mea-
urements already performed at 600 K on self-damaged W mate-Please cite this article as: S. Markelj et al., Deuterium retention in tung
by D atoms, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1ial in the INSIBA set-up [12] we have decided for exposure at this
emperature. One can observe that the range of the increased deu-
erium concentration agrees with the range of the calculated dam-
ge proﬁle. The obtained deuterium concentration is homogeneous
hroughout the damaged zone not following the damage proﬁle
btained by SRIM as observed in the past [12] . A possible expla-
ation for this discrepancy is that SRIM does not give the real
amage depth proﬁle since it does not include any defect evolu-
ion and diffusion during ion irradiation. This is also conﬁrmed by
EM analysis showing that dislocation density is indeed homoge-
eous in the damaged zone [8] . The maximum deuterium concen-
ration at the damaged zone decreases with increasing damaging
emperature from 0.32 at. % at 300 K to 0.18 at. % at 600 K, 0.14
t. % at 800 K and ﬁnally 0.1 at. % at 10 0 0 K. This yields to a 1.8
imes higher D concentration for damaging at 300 K as compared
o damaging at 600 K, 2.2 and 3.2 times higher D concentration for
amaging at 300 K as compared to damaging at 800 K and 1000 K
espectively. 
To make one step further towards a more realistic situation as
.g. in the bulk of a future fusion reactor environment we have per-
ormed for the ﬁrst time experiments where we self-damage tung-
ten while simultaneously loading with D atoms. The W 6 + ion en-
rgy was 10.8 MeV, D atom ﬂux 5.4 ×10 18 D/m 2 s and sample tem-
eratures were set to 450 K, 600 K, 800 K, 900 K and 10 0 0 K. The si-
ultaneous W-ion damaging and D loading lasted 4 hours in each
ase. The constant W ion ﬂux used corresponds to a displacement
ate of 3 ×10 −5 dpa/s, yielding a ﬁnal damage dose at the peak
aximum of 0.47 dpa KP (SRIM calculation, Kinchin–Pease formal-
sm and displacement energy of 90 eV, again evaluating the “va-
ancy.txt” output). The D atom exposure started typically 20 min
efore start of W ion irradiation. After stop of W ion irradiation
he sample heating was ﬁrst stopped. D exposure was stopped only
hen the sample temperature was at least 100 K below the expo-
ure temperature to avoid thermal losses of D. Uptake of D during
his phase can be neglected as this lasted typically only 3 min. The
 depth proﬁles were measured by NRA after the damaging and
oading and they are shown in Fig. 3 . For the 450 K case the atoms
ardly penetrated into the material while at 600 K the atoms pen-
trated up to 0.73 μm. The shallow penetration depth at 450 K is
n agreement with previous studies with sequentially W-ion dam-
ging at room temperature and D -atom loading afterwards where
igher D -atom ﬂuence was needed to ﬁll the traps at lower tem-
eratures ≤600 K [9] . For the higher temperatures (80 0 K–10 0 0 K)sten simultaneously damaged by high energy W ions and loaded 
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Fig. 4. Deuterium concentration depth proﬁles obtained for samples simultaneously 
damaged and exposed to D atoms (see Fig. 3 ) and then afterwards additionally ex- 
posed to D atoms only for 19 h (D atom ﬂuence 3.7 ×10 23 D/m 2 ) at 600 K to popu- 
late the created defects. (For interpretation of the references to colour in this ﬁgure 
legend, the reader is referred to the web version of this article.) 
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i  the atoms did diffuse through the whole damaging area in 4 h indi-
cating faster diffusion at higher temperatures. The D concentration
in the damaged area decreases with increasing sample tempera-
ture from 450 K to 900 K and then it stays the same within the
error bars for the 10 0 0 K case. 
From Fig. 3 it is clear that 4 h of D -atom exposure was not
enough for D atoms to populate the created defects through the
whole damaged layer at 450 K and 600 K. Since deuterium mi-
gration/transport in self-damaged tungsten is dominated by trap-
ping and de-trapping from traps created by W ion damaging and
for this reason deuterium transport is slowed down substantially
[18] . In order to determine how many traps/defects were actually
created in the material during the simultaneous damaging and D
loading each sample was, after the NRA analysis, additionally ex-
posed to D atoms at 600 K for 19 h, ﬂuence of 3.7 ×10 23 D/m 2 . The
steady state D concentration obtained after the additional D -atom
exposure at lower temperatures ≤600 K gives information on the
trap concentration and can be compared to other damaging pro-
cedures. The ﬁnal depth proﬁles as obtained by NRA analysis after
the end of these D -atom exposures are shown in Fig. 4. 
As expected, for all samples except for the 450 K case the D
concentration increased and a constant steady state D concentra-
tion level in the whole damaged zone was reached. The highest
D concentration was obtained for the sample simultaneously dam-
aged and exposed to D at 450 K decreasing for higher tempera-
tures. The samples simultaneously self-damaged and exposed at
90 0 K and 10 0 0 K had the same the D concentrations in the dam-
aged zone. This could already indicate that the atoms that diffused
into the layer at 10 0 0 K during the irradiation prevented the defect
recovery during irradiation/damaging. The D concentration at the
peak damage for 600 K case is 0.24 at. % what is between the se-
quential damaging at 300 K and post D population at 600 K yield-
ing 0.32 at. % and damaging at 600 K and post D population at
600 K yielding 0.18 at %, see Fig 2. 
4. Discussion and conclusions 
In order to discuss whether there are any synergistic effects we
will compare the results of the simultaneous experiment to those
of the sequential experiments. A schematic description of the ex-
perimental procedures for the individual experiments is shown in
Fig. 5 , using the same nomenclature as in the following ﬁgures. A
comparison between D concentrations at the calculated peak dam-Please cite this article as: S. Markelj et al., Deuterium retention in tung
by D atoms, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1ge maximum for different damaging and exposure conditions is
hown in Fig 6 . In our opinion this is the relevant value that needs
o be compared since it can be extrapolated to larger depths in the
ase of damaging by neutrons or damaging by different W-ion en-
rgies where the damage range is different. The results obtained
or damaging at high temperatures from Fig. 2 , indicated as “Dam.
t high temp. ”, and simultaneous damaging and D -atom loading
rom Fig. 4 , “Simult. dam. & D loading ” are shown there. The data
re plotted as a function of the damaging temperature. Traps were
opulated at 600 K for both cases. Additionally, the result from
 so-called “post annealing”, i.e. post-damaging annealing, is also
lotted as a function of the annealing temperatures in Fig. 6 (in-
icated as “Dam. + post annealing + D @ 500 K ”). In this case we
ave performed a study where W samples were damaged at room
emperature (RT) by 20 MeV tungsten ions at IPP, Garching to a
amage dose of 0.25 dpa KP , and annealed for one hour at temper-
tures from 600 K to 1200 K. Defects were in this case populated
y D atoms at 500 K with atom ﬂux density of 2.6 ×10 19 D/m 2 s for
44 h, corresponding to a ﬂuence of 1.3 ×10 25 D/m 2 . Such high ﬂu-
nce was needed to ﬁll the available traps and to obtain a steady
tate in the damaged layer at 500 K for our D atom loading con-
itions. Details about this experiment and results can be found in
8] . Since in the case of the “Simult. dam. & D loading ” and “Dam.
t high temp. ” the population by D atoms for the ﬁnal trap concen-
ration estimation was performed at 600 K, we need to extrapolate
he post-damaging annealing data from 500 K also to the 600 K ex-
osure to be able to compare. In the case of room temperature
amaging and afterward D -atom exposure at 600 K we have typ-
cally obtained a maximum D concentration of (0.33 ±0.02) at. %,
he depth proﬁle shown in Fig 2 . For the case of room tempera-
ure W-ion damaging, post damaging annealing at 600 K and de-
ect population at 500 K we obtained a value of (0.38 ±0.02) at. %.
ence the D concentration in the damage zone decreases by about
5% because there is already small D atom de-trapping. In order to
ompare with the other two data sets we use this data point as
he reference through which we put a straight line parallel to the
ost-damaging annealing and D exposure at 500 K thereby assum-
ng that the temperature dependence does not change when the
nal defect population is done at 100 K higher temperature. We
ndicated this as “Dam. + post annealing ”. 
There is a clear difference in D concentration between sequen-
ial damaging at elevated temperatures and simultaneous damag-
ng and D -atom loading. The defects were populated at 600 K sam-
le temperature in both cases so that we can directly compare. The
imultaneous experiment yields by a about a factor of 1.3 higher
aximum D concentration as compared with only damaging W
amples at those temperatures without offering D. In addition the
ehaviour at temperatures above 800 K is different. For the simul-
aneous damaging and loading D retention saturates at tempera-
ures ≥900 K. In the post-damaging annealing study we obtained
n almost linear decrease of the maximum D concentration with
he annealing temperature up to 10 0 0 K and a stronger decrease
or 1200 K. Fig. 6 shows also that the post-damaging annealing at
igh temperatures yields the highest D retention. It is about a fac-
or of 2 higher as compared with damaging at elevated tempera-
ures. This difference between the two sequential damaging pro-
edures could be due to the diffusion of vacancies that become
obile only above 600 K whereas interstitials are mobile already
t RT [19,20] . When annealing is performed after the damaging at
T, the interstitials may have spread away already from the dam-
ged area and got lost at the surface or at grain boundaries and are
ot available for annihilation with vacancies. The vacancies start
o create larger vacancy clusters and dislocation loops when the
ost-damaging annealing is performed. Lower defect density and
rowth of larger dislocation loops was observed for higher anneal-
ng temperatures by the transmission electron microscopy studysten simultaneously damaged by high energy W ions and loaded 
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Fig. 5. Description of the different experimental procedures of damaging and D loading procedures for individual experiments with the same nomenclature in the ﬁrst 
column as used in the Figs. 6 and 7 . 
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Fig. 6. Maximum D concentration obtained at the position of the calculated peak 
damage proﬁle versus annealing/damaging temperatures obtained from depth pro- 
ﬁles shown in Figs. 2 and 4 for the damaging at high temperatures and simultane- 
ous damaging and D loading, respectively. The data are compared to damaging at 
room temperature and afterwards post-damaging annealing and defect population 
by D, data from [8] . Details about individual procedures are given in the text and 
in Fig. 5 . 
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Fig. 7. Deuterium concentrations in logarithmic scale obtained from the depth pro- 
ﬁles in Fig. 3 at the maximum peak damage proﬁle versus loading temperature in 
logarithmic scale are shown, marked as “Simult. dam. & D loading”. For 450 K case 
the maximum D concentration obtained near the surface was taken. The data from 
[9,10] are also shown where W-ion damaging at room temperature and afterward 
D exposure at the given temperatures was performed (“Dam. + D loading”) together 
with the data from [8] “Dam. + post annealing + D @ 500 K” also shown in Fig. 6 . 
Details about individual loading/annealing conditions are given in the text and in 
Fig. 5 . 
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T  n [8,21] . When damaging is performed at elevated temperature
oth vacancies and interstitial atoms are mobile and the prob-
bility to annihilate is larger [19,20] . The obtained maximum D
oncentrations for simultaneous exposure and damaging at dif-
erent sample temperatures are just in between the two sequen-
ial procedures. Damaging at high temperatures yields the low-
st retention and post-damaging annealing the highest retention.
herefore we can say that we have observed a synergistic effect.
here seems to be a competition between defect annihilation at
igh temperatures and defect stabilization due to the presence
f D atoms. Rate equation modelling describing hydrogen atom
ransition from surface to bulk in a steady state [18] yields so-
ute concentration of D atoms at 600 K for our D ﬂux density of
.4 ×10 18 D/m 2 s of ∼10 −10 at. fractions. Our results show that –
lthough not dramatic – even this small concentration of solute D
toms does inﬂuence the defect formation/stabilization. 
In the above study we have obtained information about trap
oncentration and how different damaging procedures affect trapPlease cite this article as: S. Markelj et al., Deuterium retention in tung
by D atoms, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1reation and annihilation. However this should not be confused
ith D retention values expected in e.g. a hot divertor. In order to
e able to predict fuel retention the steady state D concentrations
t given sample loading temperatures are essential in addition to
he trap concentrations. We therefore show in Fig. 7 the D con-
entrations at the damage peak maximum from the simultaneous
-ion damaging and D -atom loading extracted from Fig. 3 (before
he additional trap population). Data are shown as a function of
he damaging/loading temperature and marked as “Simult. dam &
 loading ”. In the case of 450 K, the D atom did not diffuse to the
amage peak maximum, so we took the maximum D concentra-
ion obtained near the surface. We compare these data to the data
rom [9,10] where W-ion damaging was performed at room tem-
erature and afterwards D -atom loading at the indicated higher
emperatures. The latter are marked as “Dam. + D loading ” in Fig 7 .
he details about the latter experiment can be found in [9,10] andsten simultaneously damaged by high energy W ions and loaded 
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 details about thermodesorption spectra in [22] . There W samples
were damaged at RT by 20 MeV tungsten ions at IPP, Garching
to a damage dose of 0.45 dpa KP , and exposed to D atoms at dif-
ferent temperatures from 500 K to 900 K with an atom ﬂux den-
sity of 3.5 ×10 19 D/m 2 s. In these experiments the D atom exposure
was stopped ﬁrst and then the heating was turned off after typ-
ically 30 seconds. The sample cooled down to around 370 K typi-
cally in 20 min. For samples exposed at temperatures ≥700 K a ﬂu-
ence of 3.8 ×10 23 D/m 2 was suﬃciently high for atoms to penetrate
through the whole damage zone whereas in the case of 500 K and
600 K higher ﬂuences were needed to ﬁll the whole damaged zone.
As shown in Fig. 7 , for this “Dam. + D loading ” case the maximum
D concentration decreases by two orders of magnitude when com-
paring D concentrations for D -atom loading at 500 K up to 900 K.
For the simultaneous case, maximum D concentration drops only
by a factor of 40. Most strikingly the D concentrations obtained for
simultaneous damaging and D -atom loading are below data of RT
damaging and sequential D atom loading in the temperature range
from 450 K to 800 K however at 900 K it is above. This effect could
be dramatic for a fusion scenario of a hot divertor but additional
experiments are needed to clarify the signiﬁcance of this single
data point. As mentioned before when one exposes the damaged
sample at high temperatures two effects take place at the same
time: i) defects are being annealed and form larger vacancy clus-
ters and dislocation loops [8] and ii) D atoms are being de-trapped
from trapped to solute sites. The steady state D concentration is
determined by the balance between ﬂux of atoms into the bulk
and ﬂux of atoms out of the bulk due to de-trapping from an
active trap site at high temperatures. Namely, as can be deduced
from thermal desorption spectra [8] there is an active trap site at
these high temperatures (above 600 K). To illustrate the contribu-
tion of the defect annealing at high temperatures on the observed
drop in D retention we show again in Fig. 7 the data from the
post-damaging annealing study [8] . There, only 70% decrease in D
concentration is observed, when going from 50 0 K to 120 0 K, (in-
dicated as “Dam. + post annealing + D @ 500 K ”). Therefore we can
conclude that the thermal D de-trapping is the dominant process
at high temperatures. However, even though the D concentration
is low at high temperatures the diffusion of deuterium is much
faster and this could have drastic inﬂuence on the total retention
in a neutron-damaged material where defects extend much deeper
(cm) as compared to ion-damaged samples. This can become even
more severe when defect annealing is hindered as seems to be the
case for the 10 0 0 K simultaneous experiment. 
In conclusion we performed for the ﬁrst time a study of dam-
aging tungsten by tungsten ions while simultaneously exposing it
to D -atoms. Synergistic effects were observed where higher max-
imum D concentrations were found in the case of simultaneous
damaging and exposure as compared to corresponding damag-
ing at elevated temperatures and post D loading. This shows that
part of the defects that would annihilate at high temperatures re-
main due to the presence of solute deuterium atoms in the bulk,
that stabilize the defects as was predicted by theory [6,7] . We
have also observed the effect of exposure temperature on the D
retention and depth range. At low temperatures the penetrationPlease cite this article as: S. Markelj et al., Deuterium retention in tung
by D atoms, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1epth is smaller for a given time i.e. ﬂuence but the maximum
 concentration is higher. On the other hand the maximum D
oncentration is smaller at high temperatures but the penetration
epth is larger due to faster diffusion. Direct prediction of the in-
uence of the studied effect on the hydrogen isotope retention in
he divertor of a future fusion reactor is not straightforward. This is
ecause of the large difference in the hydrogen isotope ﬂux, being
rders of magnitude higher in the divertor (10 24 m −2 s −1 ). However,
nly if we are conﬁdent in understanding and modelling of such
ather well deﬁned cases we can do the next step and address high
ux effects and extrapolate to fusion conditions. The steady state
euterium retention will be higher for higher ﬂux at elevated tem-
eratures but the trends as a function of temperature will be very
uch similar. Our study describes the effects at low D solute con-
entration that might be present only very deep in the bulk of the
omponent but they should be compared with the theory in the
rst place. 
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